The effect of infection by Angiostrongylus cantonensis on the activity of the enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST) and the concentration of total proteins, uric acid and urea in the hemolymph of Biomphalaria glabrata were investigated. The snails were dissected after 1, 2 and 3 weeks of infection to collect the hemolymph. The infection by A. cantonensis induced severe changes in the host snail's metabolism, triggering physiological mechanisms to minimize the deleterious effects caused by the larvae. There was a significant decrease in the concentration of total proteins in the infected snails, which occurred gradually as the infection advanced. This change was accompanied by an increase in the concentrations of urea and a decrease in the levels of uric acid in the hemolymph, suggesting that in this model the infection induces proteolysis and inversion of the excretion pattern of the infected snails. Besides this, variations in the activities of the aminotransferases were observed, with significantly higher levels in the infected groups than in the control group. These results indicate an increase in the protein metabolism of the infected snails, since there was an increase in nitrogen catabolites such as urea.
Introduction
Angiostrongylus cantonensis is considered the main etiological agent of eosinophilic meningoencephalitis, which is characterized by an intense inflammatory reaction of the meninges (GraeffTeixeira et al., 2009) . This zoonosis, which is endemic to Southeast Asia and the Pacific islands, is considered an emerging disease, because it has been expanding both geographically and in terms of the range of hosts (Hollingsworth and Cowie, 2006) . According to Wang et al., (2008) , some 2800 cases had been reported in the world. Various outbreaks of the disease have been registered in Pacific islands (Alicata, 1962; Slom et al., 2002) , and over the past 10 years occurrences have been reported in China (Tsai et al., 2001; Lv et al., 2009 ), Thailand and the United States (Diaz, 2008) . In South America, the first cases were reported in Brazil, two in the municipality of Cariacica in the state of Espírito Santo and two in the state of Pernambuco (municipalities of Escada and Olinda). All four of these cases were caused by eating snails infected by third-stage larvae (L 3 ) of A. cantonensis (Caldeira et al., 2007; Thiengo et al., 2010; Lima et al., 2009) . Different snail species have been reported as natural intermediate hosts of A. cantonensis: Sarasinula marginata (Semper, 1885); Subulina octona (Bruguière, 1792); Bradybaena similaris (Férussac, 1821); Achatina fulica (Bowdich, 1822); Pomacea lineata (Spix in Martius, 1827) (Caldeira et al., 2007; Maldonado et al., 2010) as well as under experimental conditions, Biomphalaria glabrata (Yousif and Lámmler, 1977; Harris and Cheng, 1975; Tunholi-Alves et al., 2011) . Upon reaching the snail host, helminths take over a new ecological niche, consisting of the snail's hemolymph. There, the parasites feed of the host's nutrients, besides releasing their excretion/secretion products, causing severe changes in the host organism (Stewart et al., 1985; Brockelman et al., 1976; Brockelman and Sithithavorn, 1980) . This reduces the infected snail's metabolic rate and it had to use its metabolic reserves to maintain vital functions while at the same time supplying nutrients for the parasite larvae to develop. These changes lead to a negative energy balance, characterized by consumption of glycogen from the digestive gland and cephalopedal mass and the use of proteins for survival and reproduction (Becker, 1980) . Since this initial phase is essential for the parasite's development, enabling it to reach stages that can infect the definitive host (Stewart et al., 1985) . (Pinheiro and Amato, 1994; de Souza et al., 2000; Pinheiro et al., 2001 Pinheiro et al., , 2009 . In these studies, it was observed that freshwater snails shown greater protein depletion than carbohydrate in relation to land snails, suggesting that protein metabolism seems have an important role in maintenance of survival of parasitized freshwater snails. Therefore, the aim of this study was to provide information on the concentrations of total proteins, uric acid and urea together with the activity of EC2.6.1.1 L-aspartate: 2 oxoglutarate aminotransferase (AST) and EC2.6.1.2 L-alanine: 2 oxoglutarate aminotransferase (ALT) in the hemolymph of freshwater snail B. glabrata infected with A. cantonensis, to enable a better understanding of the biochemical changes and tissue injuries suffered by the host snail (Blasco and Puppo, 1999; Pinheiro et al., 2001) . Moreover, information on the metabolic changes in the B. glabrata/A. cantonensis model has not yet been reported. This is cause for concern because studies have noted the excellent adaptation of this planorbid species to tropical regions like Brazil (Paraense, 1975) , heightening the risk of transmission of diseases, including human eosinophilic meningoencephalitis (GraeffTeixeira et al., 2009 ).
Material and methods

Maintenance of the snails and formation of groups
The snails were kept in aquariums containing 1500 ml of dechlorinated water, to which 0.5 g of CaCO 3 was added, in the Laboratório de Referência Nacional em Malacologia Médica, IOC, FIOCRUZ. The water was replaced once a week. Six groups were formed: three control groups (uninfected) and three infected groups (infected). Each aquarium contained 10 snails, reared in the laboratory from hatching, to be certain of their age and that the snails were free of infection by other parasites. The entire experiment was conducted in duplicate, using a total of 120 snails, 60 snails formed the control groups (uninfected) and 60 snails formed the infected groups. The aquariums were kept in a room with controlled temperature of 25°C throughout the experiment. The study was made in 3 weeks, period that corresponds to the prepatent development of A. cantonensis in B. glabrata (Guilhon and Gaalon, 1969; Tunholi-Alves et al., 2011) .
The snails were fed with dehydrated lettuce (Lactuca sativa L.) ad libitum. The lettuce leaves were changed every day to prevent their fermentation, at which time the number of dead snails was also noted.
Parasites
Third-stage larvae (L 3 ) of A. cantonensis, obtained from specimens of A. fulica collected in the municipality of Olinda, Pernambuco, Brazil in 2008, in the area surrounding the home of a patient diagnosed with eosinophilic meningoencephalitis, were inoculated in Rattus norvegicus in the Laboratório of Patologia do Instituto Oswaldo Cruz (Fiocruz), where the cycle was maintained.
The first-stage larva (L 1 ) utilized in this study were obtained from this experimental cycle maintained in the Laboratory of Patologia do Instituto Oswaldo Cruz (Fiocruz).
Infection of the snails
The feces of parasitized R. norvergicus were collected and used to obtain the larvae by the technique of Baermann, employed to separate and decant the L 1 larvae (Willcox and Coura, 1989) . After processing the fecal samples, specimens of B. glabrata (8-12 mm) at 90 days of age on average were exposed individually to approximately 1.200 L 1 larvae on plates with 24 holes. After 48 h the snails from each group were individually examined under a stereomicroscope to detected larvae (L 1 stage) in the plates (TunholiAlves et al., 2011) . The absence of larvae in the plates ensured the infectivity and susceptibility of snails under laboratory conditions. Posteriorly, snails were removed from the plates and transferred to the aquariums for formation of the experimental groups. The susceptibility of B. glabrata during the experimentally infection by A. cantonensis has been showed as 100% infection rate (Yousif and Lámmler, 1977) .
The snails were grouped according to their infection stage (1, 2, and 3 weeks post exposure). In each period analyzed, 10 infected and 10 uninfected snails (control) were dissected.
Dissection and collection of the hemolymph
Each week after infection 10 specimens from each group (control and infected) were randomly chosen, dissected and the hemolymph was collected by heart puncture and maintained at À10°C until utilization for the biochemical analyses. All the samples were kept in ice bath during dissection.
Aminotransferases activities (AST and ALT)
To test for aminotransferases activities, 0.5 ml of substrate for ALT or AST (solution containing 0.2 M L-alanine or 0.2 M L-aspartate; 0.002 M a-cetoglutarate and 0.1 M sodium phosphate buffer, pH 7.4) was incubated at 37°C for 2 min. Then, 100 or 200 ll of hemolymph (for ALT and AST, respectively), were added, homogenized and again incubated at 37°C for 30 min. After this, 0.5 mL of 0.001 M 2,4-dinitrophenylhydrazine was added and the solution was kept at 25°C for 20 min. The reactions were interrupted by adding 5 mL of 0.4 M NaOH. The readings were taken in a spectrophotometer at 505 nm (Kaplan and Pesce, 1996) and the results were expressed as URF/ml.
Determination of total proteins
This assay was performed according to the biuret technique (Weichselbaum, 1946) . A mixture of 50 ll of hemolymph and 2.5 ml of the biuret reagent (0.114 M trisodium citrate, 0.21 M sodium carbonate and 0.01 M copper sulfate) was homogenized and left at room temperature for 5 min, after which the readings were taken in a spectrophotometer at 550 nm. The results were expressed as mg/dl.
Determination of the concentrations of uric acid and urea
To measure the uric acid level, 50 ll of hemolymph was mixed with 2 ml of the dye reagent (100 mmol/L of sodium phosphate buffer [pH 7.8] containing 4 mmol/L of dichlorophenol-sulfonate, 0.5 mmol/L of 4-aminoantipirina, 120U 6 uricase, 4.980U 6 ascorbate oxidase, 1.080U 6 peroxidase). The mixture was homogenized and incubated at 37°C for 5 min. The readings were taken in a spectrophotometer at 520 nm (Bishop et al., 1996) and the results were expressed as mg/dl.
The urea concentration was measured by adding 2 ml of a solution containing 60 mmol of sodium salicylate, 3.4 mmol of sodium nitroprusside and 1.35 mmol of disodium EDTA. Then 2 ll of urease and 20 ll of hemolymph were added. This mixture was homogenized and incubated at 37°C for 5 min. The readings were taken in a spectrophotometer at 600 nm and the results were expressed as mg/dl (Connerty et al., 1955) .
Statistical analyses
The results obtained were expressed as mean ± standard deviation and the Tukey test and ANOVA were used to compare the means. A polynomial regression was calculated to analyze the relation between the values obtained and the infection time (P < 0.05) (InStat, GraphPad, v.4.00, Prism, GraphPad, v.3.02, Prism, Inc.) .
Results
The levels of total proteins, uric acid and urea and the activity of the aminotransferases (ALT and AST) in the hemolymph of uninfected and infected snails during the parasite's larval development stages are shown in Tables 1 and 2 . There were significant differences in all the parameters observed between the infected and the control groups.
In relation to the protein metabolism of the infected snails, the lowest concentrations of protein were observed in the second (2.76 ± 0.24) and third week after infection (2.61 ± 0.24), representing a decrease of 22.91% and 18.44%, respectively, in relation to their corresponding control groups (2nd week, 3.58 ± 0.15 and 3rd week, 3.20 ± 0.04). There was a negative relation between the time of infection and the total protein content in the hemolymph of the snails infected (r 2 = 0.71) (Fig. 1A ).
The infection of B. glabrata by A. cantonensis caused alterations in the metabolism of nitrogen excretion products, inducing an increase in the concentrations of urea and a decrease in those of uric acid in the snails' hemolymph. Significant increases in the levels of urea were observed starting in the second week of infection (1.78 ± 0.08), with the highest level observed in the third week (2.00 ± 0.27), representing a maximum increase of 173.97% in relation to the average value in the control group at the time (0.74 ± 0.01) ( Table 1 ). In contrast, the lowest uric acid concentrations occurred in the later periods of infection, with the smallest value recorded in the second week of infection (1.22 ± 0.15), differing significantly from the control group (5.71 ± 0.16). Nevertheless, there were strong relation for the urea and uric acid content in the snails infected (r 2 = 0.82, 0.94), respectively ( Fig. 1B and C) .
There was also a significant increase in the activities of AST and ALT in the infected snails' hemolymph. There was a strong negative correlation between the time of infection and the activity of these aminotransferases (r 2 = 0.98 and 0.95, respectively) (Fig. 2B) . The greatest variation in the activity of ALT occurred at the end of the third week post-infection (90.09 ± 3.13), 98.13% higher than in the control group (45.47 ± 2.98). A similar variation was observed in AST activity, with the highest value reached in the third week of infection (130.08 ± 2.49), an increase of 49.72% in relation to the control group (86.88 ± 1.15) ( Table 2 ).
Discussion
In the present study, a reduction in total protein concentration in B. glabrata infected by A. cantonensis was observed, probably in response to the development of the intra-snail larval stages, which stimulates the mobilization of non-glicidic reserves in the host to support its own vital functions. This data can also be the result of direct absorption of amino acids from hemolymph as an energy source for the ontogenic development of the parasites, a hypothesis suggested by studies on infections of snails by digenetic trematodes Pinheiro et al., 2009; de Souza et al., 2000) , but opposite results were obtained by Brockelman (1978) , studying the A. fulica-A. cantonensis model. In this study, the hemolymph protein concentration did not show any reduction when the hosts were infected with third stage larvae. Further, Brockelman and Sithithavorn (1980) observed significant reduction of carbohydrate reserves and hemolymph sugars of A. fulica infected by A. cantonensis. Taken together, these findings corroborate our idea that freshwater snails are very dependent of protein metabolism in stress conditions as parasitism in relation to land snails.
Changes in the levels of nitrogen products were also observed, with a substantial increase in the levels of urea and a significant reduction in the concentrations of uric acid in the hemolymph of the infected snails in relation to the uninfected specimens. These changes can result in a higher rate of deamination of the amino acids, serving as alternative substrates for the formation of glucose through gluconeogenesis (Becker, 1980) . This causes urea to accumulate in the hemolymph, as previously observed by other authors (Becker and Schmale, 1975; . Besides this, as found in studies of the infection of snails by trematodes (Pinheiro et al., 2009) , in the present study there was an inversion in the excretion pattern of B. glabrata infected by A. cantonensis, in which the host began to excrete more urea to minimize the harmful effects of the infection. These changes observed in the nitrogen degradation products can represent an interesting adaptive mechanism of the host to stress, besides being extremely useful to the developing larval stages of the parasite, since acceleration in the urea cycle results in greater availability of arginine for the parasite, serving to support its development .
There was also an increase in both aminotransferases in the infected snails. Aminotransferases, also called transaminases, are enzymes that catalyze the transfer of the amino group from an amino acid to a keto acid. They are critical in linking of carbohydrates and proteins/amino acids metabolisms, by triggering gluconeogenesis (Moss and Henderson, 1998) . Therefore, in conditions of stress, Table 1 Variation in the total protein (mg/dl), uric acid and urea (mg/dl) contents in the hemolymph of Biomphalaria glabrata experimentally infected with Angiostrongylus cantonensis, in different periods of infection, expressed in weeks.
Weeks
Concentration of total proteins (mg/dl) Concentration of uric acid (mg/dl) Concentration urea (mg/dl) Control Infected Control Infected Control Infected X ± SD X ± SD X ± SD X ± SD X ± SD X ± SD such as starvation and infection, the increased activity of these enzymes in the hemolymph of snails can be partly explained as a physiological consequence of the negative energy balance observed, whereby these enzymes catalyze glucose synthesis from glucogenic amino acids (Manohar et al., 1972; Pinheiro et al., 2001) . The results presented here indicate that the increased activity of these enzymes is a result of greater energy demand, inducing mobilization of protein sources, including amino acids, in an attempt by infected snails to reestablish their normal energy balance, since this increase occurs at the same time as a reduction in the concentration of total proteins in the hemolymph (Masola et al., 2008) . Moreover, various studies have validated that this group of enzymes can be excellent biomarkers of cell lesions (Blasco and Puppo, 1999) . , studying the B. glabrata/E. paraensei interaction, observed a significant increase in these enzymes' activity in infected snails, mainly at the end of the pre-patent period, which coincided with the formation of the redial stages of the parasite. According to Fried and Huffman (1996) in this stage, the larva has an oral opening, allowing it to feed directly on the host's tissues, particularly those in the digestive gland, inducing leakage of the transaminases to the hemolymph circulatory system. In light of this finding, the increase in the activities of ALT and AST in B. glabrata infected by A. cantonensis might also be a result of the presence of larval stages of the parasite, mainly if one considers that starting in the second week after infection, L 2 larvae are found in the digestive gland and in the third week, L 3 larvae are found in the cephalopedious mass (Sauerlander, 1976) .
Finally, although many studies have been conducted on the metabolic aspects of trematode-infected snails, little is known about this aspect with regard to nematodes. However, this is the first study of the effects of infection by A. cantonensis on the metabolism of nitrogen products and the activity of the aminotransferases in B. glabrata snails. It is well established that parasitized snails showed higher energy consumption, to the maintenance of their own metabolism and the parasite metabolism'. Thus, the snail starts to use their carbohydrate reserves to supply the energetic uptake (Pinheiro and Amato, 1994) . In turn, infected snails start to use non-carbohydrate sources to survive and reproduce .
The results indicate that a change occurs in the excretion pattern from uricotelic to ureotelic in infected snails, likely as a strategy to detoxify the host organism due to the overload of nitrogen degradation substrates (proteins) used as an alternative energy source to maintain the host's vital functions and also by the A. cantonensis larvae to develop. The putative tissue lesions are indicated by the increasing concentrations of the transaminases, which can be related to the tissue damages caused by the growth of the larvae, putting mechanical pressure on the tissues and causing the larvae to migrate until they reach the end of the intra-mollusk development stage. In addition, the increase of transaminase activities is also an indicator of use of proteins as energetic substrate rather than carbohydrates, once that the enzymes catalyzes the reversible transfer of an a-amino group between amino acids in which are directed to gluconeogenesis. Moreover, B. glabrata besides being one of the main vectors of schistosomiasis in Brazil is also considered an intermediate host of A. cantonensis (Yousif and Lámmler, 1977; Harris and Cheng, 1975) . The World Health Organization recommendations to control of diseases transmitted by snails are directed to control of snail population (WHO, 1983) , thus the better understanding of the metabolic role of the snail in this relationship provided by this study can support future studies to develop new protocols focused on control of this parasite, and consequently of human angiostrongyliasis.
